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Unilateral Thermal Buckle-Beam Actuator 



Field of the Invention 
[0001] The present invention relates to microelectromechanical system 
(MEMS) actuators and, in particular, to thermal 
microelectromechanical system actuators that are activated by Joule 
heating. 

Bacl<ground and Summary of the Invention 
[0002] Microelectromechanical system (MEMS) actuators provide 

control of very small components that are formed on semiconductor 
substrates by conventional semiconductor (e.g., CMOS) fabrication 
processes. MEMS systems and actuators are sometimes referred to 
as micromachined systems-on-a-chip. 
[0003] One of the conventional MEMS actuators is the electrostatic 

actuator or comb drive. Commonly, such actuators include two comb 
structures that each have multiple comb fingers aligned in a plane 
parallel to a substrate. The fingers of the two comb structures are 
interdigitated with each other. Potential differences applied to the 
comb structures establish electrostatic interaction between them, 
thereby moving the comb structures toward each other. 
[0004] Advantages of the electrostatic actuator are that they require low 
current, which results in small actuation energy, and have a relatively 
high frequency response. Disadvantages are that they require high 
drive voltages (e.g., tens or hundreds of volts) and large areas and 
provide low output forces. For example, this type of actuator can 
produce a force of 0.0059 nN/volt^ per comb-finger height (|am) and 
can yield a typical actuator force density of about 20 |iN/mm^, with the 
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area referring to the surface area of the actuator. Comb drive 
(electrostatic) actuators used for deployment of microstructures 
typically occupy many times the area of the device they are deploying. 
Also, the high voltages (e.g., tens or hundreds of volts) required to 
operate electrostatic actuators can be incompatible or present difficult 
integration with conventional logic and low voltage electronics. 

[0005] A pseudo-bimorph thermal actuator is an alternative to the 
electrostatic actuator. These actuators utilize differential thermal 
expansion of two different-sized polysilicon arms to produce a 
pseudo-bimorph that deflects in an arc parallel to the substrate. Such 
a thermal actuator produces much higher forces (100-400 times) than 
comb drive actuators of equal size and can operate on very low 
voltages and can achieve about 450 per/mm^ of MEMS chip area. 
A disadvantage is the additional electrical power that is required. 
Two or more actuators may be coupled to a common beam through 
bending yokes to produce a near-linear movement, which is usually 
desired in MEMS systems. However, the bending of such yokes 
consumes much of the force output of the actuators. 

[0006] The present invention includes a unilateral in-plane thermal 

buckle-beam microelectrical mechanical actuator formed on a planar 
substrate of semiconductor material, for example. The actuator 
includes first and second anchors secured to the substrate along one 
side of an elongated floating in-plane shuttle that is movable relative 
to the substrate. First and second sets of elongated thermal half- 
beams are secured between the floating in-plane shuttle and the 
respective first and second anchors. 

[0007] An elongated cold beam is aligned transverse to the elongated 
floating in-plane shuttle and has one end coupled thereto and the 
other end coupled to the substrate through the insulating nitride layer. 
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The half-beams are formed of semiconductor material, such as 
polysilicon. A current source directs electrical current through the 
thermal half-beams via the anchors to cause heating and thermal 
expansion of the thermal half-beams. With the motion constraint 
imparted by the cold beam, the thermal expansion imparts near-linear 
motion of the floating in-plane shuttle generally parallel its length and 
generally parallel to the substrate. In one implementation, the half- 
beams are configured at a bias angle to give the floating shuttle an 
affinity for in-plane motion. 
[0008] The resistivity of polysilicon allows the actuator to operate at 
voltages and currents compatible with standard integrated circuitry 
(e.g., CMOS). In addition, actuators according to the present 
invention are very small in area, have relatively high force, and can 
provide relatively long actuation displacements (e.g. 10-20 microns) at 
very small increments, making them suitable for deployment of 
MEMS devices as well as providing minute adjustments in MEMS 
systems. In one implementation, the present actuator array can 
produce a force of about 3700 ^iN per square mm and with 1 .53 mW 
per |iN of power. This electrically stimulated movement can be used 
in micro-motors, optical scanning devices, MEMS deployment 
mechanisms and other areas requiring mechanical movement on a 
micro scale. 

[0009] Additional objects and advantages of the present invention will 
be apparent from the detailed description of the preferred 
embodiment thereof, which proceeds with reference to the 
accompanying drawings. 

Bri f Description of th Drawings 

[0010] Figs. 1-15 are cross-section views of a general multi-user MEMS 
process known in the prior art for fabricating microelectrical 
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mechanical devices. Cross-hatching is omitted to improve clarity of 

the prior art structure and process depicted. 
[001 1 ] Fig. 1 6 is a diagrammatic isometric diagram of a bilateral 

microelectrical mechanical in-plane buckle-beam actuator having one 

pair of thermal half-beam structures. 
[0012] Fig. 1 7 is a diagrammatic isometric diagram of a bilateral 

microelectrical mechanical in-plane buckle-beam actuator having 

multiple pairs of thermal half-beam structures. 
[0013] Fig. 1 8 is a plan view of a unilateral microelectrical mechanical 

in-plane buckle-beam actuator having multiple thermal half-beam 

structures and one elongated floating cold beam. 
[0014] Fig. 1 9 is a plan view of an optional alignment structure for 

guiding motion of an in-plane shuttle. 
[0015] Fig. 20 is a partial sectional end view of an alignment structure 

for guiding motion of an in-plane shuttle. 
[0016] Fig. 21 is a sectional end view of a dimple bearing extending 

from a bottom surface of an actuator center beam. 
[0017] Fig. 22 is a side view showing a pair of dimple bearings 

positioned on opposite sides of an alignment structure. 
[0018] Fig. 23 is a plan view of a unilateral microelectrical mechanical 

in-plane thermal buckle-beam actuator with a pair of elongated 

floating cold beams. 
[0019] Fig. 24 is a plan view of a unilateral microelectrical mechanical 

in-plane thermal buckle-beam actuator with multiple thermal half- 
beam structures that are tapered from about their centers. 
[0020] Fig. 25 is a diagrammatic plan view of a unilateral microelectrical 

mechanical in-plane thermal buckle-beam actuator having cold beams 

with widened central regions. 
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[0021] Fig. 26 is a plan view of a bilateral microelectrical mechanical in- 
plane thermal buckle-beam actuator with multiple thermal half-beam 
structures that are tapered from about their centers. 

Detailed Description of Preferred Embodiments 

[0022] To assist with understanding the present invention, the general 
procedure for fabricating micromechanical devices using the MUMPs 
process is explained with reference to Figs. 1-15. 

[0023] The MUMPs process provides three-layers of conformal 

r 

polysilicon that are etched to create a desired physical structure. The 
first layer, designated POLY 0, is coupled to a supporting wafer, and 
the second and third layers, POLY 1 and POLY 2, respectively, are 
mechanical layers that can be separated from underlying structure by 
the use of sacrificial layers that separate layers and are removed 
during the process. 

[0024] The accompanying figures show a general process for building a 
micro-motor as provided by the MEMS Technology Applications 
Center, 3021 Cornwallis Road, Research Triangle Park, North 
Carolina. 

[0025] The MUMPs process begins with a 1 GO mm n-type silicon wafer 
10. The wafer surface is heavily doped with phosphorus in a standard 
diffusion furnace using POCI 3 as the dopant source. This reduces 
charge feed-through to the silicon from electrostatic devices 
subsequently mounted on the wafer. Next, a 600 nm low-stress Low 
Pressure Chemical Vapor Deposition (LPCVD) silicon nitride layer 12 
is deposited on the silicon as an electrical isolation layer. The silicon 
wafer and silicon nitride layer form a substrate. 

[0026] Next, a 500 nm LPCVD polysilicon film— POLY 0 1 4— is 

deposited onto the substrate. The POLY 0 layer 14 is then patterned 
by photolithography; a process that includes coating the POLY 0 layer 



102fr<)49 190508.1 



-6- 



with a photoresist 16, exposing the photoresist with a masl< (not 
shown) and developing the exposed photoresist to create the desired 
etch masl< for subsequent pattern transfer into the POLY 0 layer (Fig. 
2). After patterning the photoresist, the POLY 0 layer 14 is etched in 
a Reactive Ion Etch (RIE) system (Fig. 3). 

[0027] With reference to Fig. 4, a 2.0 pm phosphosilicate glass (PSG) 
sacrificial layer 18 Is deposited by LPCVD onto the POLY 0 layer 14 
and exposed portions of the nitride layer 102. This PSG layer, 
referred to herein as a First Oxide, is removed at the end of the 
process, to free the first mechanical layer of polysilicon, POLY 1 
(described below) from its underlying structure; namely, POLY 0 and 
the silicon nitride layers. This sacrificial layer Is lithographically 
patterned with a DIMPLES mask to form dimples 20 in the First Oxide 
layer by RIE (Fig. 5) at a depth of 750 nm. The wafer is then 
patterned with a third mask layer, ANCH0R1, and etched (Fig. 6) to 
provide anchor holes 22 that extend through the First Oxide layer to 
the POLY 0 layer. The ANCHOR 1 holes will be filled in the next step 
by the POLY 1 layer 24. 

[0028] After the ANCH0R1 etch, the first structural layer of polysilicon 
(POLY 1) 24 is deposited at a thickness of 2.0 pm. A thin 200 nm 
PSG layer 26 is then deposited over the POLY 1 layer 24 and the 
wafer is annealed (Fig. 7) to dope the POLY 1 layer with phosphorus 
from the PSG layers. The anneal also reduces stresses in the POLY 
1 layer. The POLY 1 and PSG masking layers 24, 26 are 
lithographically patterned to form the structure of the P0LY1 layer. 
After etching the POLY 1 layer (Fig. 8), the photoresist is stripped and 
the remaining oxide mask is removed by RIE. 

[0029] After the POLY 1 layer 24 is etched, a second PSG layer 

(hereinafter "Second Oxide") 28 is deposited (Fig. 9). The Second 
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Oxide is patterned using two different etch masks with different 
objectives. 

[0030] First, a P0LY1_P0LY2_VIA etch (depicted at 30) provides for 
etch holes in the Second Oxide down to the POLY 1 layer 24. This 
etch provide a mechanical and electrical connection between the 
POLY 1 layer and a subsequent POLY 2 layer. The 
P0LY1_P0LY2_VIA layer is lithographically patterned and etched by 
RIE (Fig. 10). 

[0031] Second, an ANCH0R2 etch (depicted at 32) is provided to etch 
both the First and Second Oxide layers 18, 28 and POLY 1 layer 24 in 
one step (Fig. 11). For the ANCH0R2 etch, the Second Oxide layer 
is lithographically patterned and etched by RIE in the same way as 
the P0LY1_P0LY2_VIA etch. Figure 1 1 shows the wafer cross 
section after both P0LY1_P0LY2_VIA and ANCH0R2 etches have 
been completed. 

[0032] A second structural layer, POLY 2, 34 is then deposited at a 

thickness of 1 .5 pm, followed by a deposition of 200 nm of PSG. The 
wafer is then annealed to dope the POLY 2 layer and reduce its 
residual film stresses. Next, the POLY 2 layer is lithographically 
patterned with a seventh mask and the PSG and POLY 2 layers are 
etched by RIE. The photoresist can then be stripped and the masking 
oxide is removed (Fig. 13). 

[0033] The final deposited layer in the MUMPs process is a 0.5 [im 
metal layer 36 that provides for probing, bonding, electrical routing 
and highly reflective mirror surfaces. The wafer is patterned 
lithographically with the eighth mask and the metal is deposited and 
patterned using a lift-off technique. The final, unreleased exemplary 
structure is shown in Fig. 14. 
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[0034] Lastly, the wafers undergo sacrificial release and test using 

known methods. Fig. 15 shows the device after the sacrificial oxides 
have been released. 

[0035] In preferred embodiments, the device of the present invention is 
fabricated by the MUMPs process in accordance with the steps 
described above. However, the device of the present invention does 
not employ the specific masks shown in the general process of Figs 
1-15, but rather employs masks specific to the structure of the 
present invention. Also, the steps described above for the MUMPs 
process may change as dictated by the MEMS Technology 
Applications Center. The fabrication process is not a part of the 
present invention and is only one of several processes that can be 
used to make the present invention. 

[0036] Fig. 16 is a diagrammatic isometric illustration of a bilateral 

microelectrical mechanical in-plane thermal buckle-beam actuator 50. 
Bilateral actuator 50 includes a pair of structural anchors 52 and 54 
that are secured to a substrate (e.g., substrate 10 throughjhe 
insulating nitride 12, not shown) and thermal half-beams 56 and 58 
that are secured at their base ends 60 and 62 to anchors 52 and 54, 
respectively. Half-beams 56 and 58 extend substantially parallel to 
and spaced-apart from the substrate and meet each other at their 
respective distal ends 64 and 66. 

[0037] Structural anchors 52 and 54 and half-beams 56 and 58 have 
electrically semi-conductive and positive coefficient of thermal 
expansion properties. Bilateral actuator 50 is activated when an 
electrical current is passed from a current source 68 through half- 
beams 56 and 58 via electrically conductive couplings 72 and 74 and 
respective structural anchors 52 and 54. The applied current induces 
ohmic or Joule heating of half-beams 56 and 58, thereby causing 
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them to expand longitudinally toward each other and ultimately to 
buckle. 

[0038] In the illustrated implementation, half-beams 56 and 58 are each 
formed at an in-plane bias angle a relative to a line extending 
between respective anchors 52 and 54. The bias angles of half- 
beams 56 and 58 are structural features that provide an affinity for 
half-beams 56 and 58 to move in-plane (parallel to the substrate) 
when they buckle. The actuator displacement d is given by 

d = [ ^ + 2(0 / + - (/ cos(a)) ^]'^^ - / sin(a) 

where 

/is the distance between the anchors associated with a half-beam, 
/'is the elongation of the half-beam due to thermal expansion, and 
a is the pre-bend angle of the beam. 

The coefficient of thermal expansion used for polysilicon is 

2.33x1 0"^/^C. 

[0039] Fig. 1 7 is a diagrammatic isometric illustration of a bilateral 

microelectrical mechanical in-plane thermal buckle-beam actuator 80 
having a pair of structural anchors 82 and 84 secured to a substrate 
(e.g., substrate 10 through the insulating nitride layer 12, not shown). 
Multiple thermal half-beams 86 and 88 (four of each shown) are 
secured at their base ends 90 and 92 to anchors 82 and 84, 
respectively. Half-beams 86 and 88 extend over the substrate and 
meet opposite sides of a floating center in-plane shuttle 94 at their 
respective distal ends 96 and 98. 

[0040] Center beam 94 provides mechanical coupling of the multiple 
half-beams 86 and 88 as well as providing structure for transmitting 
the resulting linear force to another device. In addition, center beam 
94 stiffens the middle of bilateral actuator 80 where half-beams 86 
and 88 meet. Multiple half-beams 86 and 88 are formed at in-plane 
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bias angles to provide an affinity for tliem to buckle and move in-plane 
(parallel to the substrate). The in-plane bias angles of half-beams 86 
and 88 relative to anchors 82 and 84 give bilateral actuator 80 an 
overall chevron configuration. 

[0041] In one implementation, anchors 82 and 84, half-beams 86 and 
88, and center beam 94 are each made in the same semiconductor 
layer or layers (e.g., polysilicon). With reference to the structures of 
Figs. 1-15, for example, anchors 82 and 84 are secured to insulating 
nitride layer 12 on substrate 10. Half-beams 86 and 88 and center 
beam 94 are released from substrate 10 and free to move relative, 
thereto. Current is applied from a current source 100 through 
electrically conductive couplings 102 and 104 to anchors 82 and 84. 
. The current passes through half-beams 86 and 88, which heats them 
and causes them to lengthen due to the positive temperature 
coefficient of expansion of silicon. As a result, center beam 94 moves 
and exerts a force outward along a linear axis 106, parallel to 
substrate 1 0. When the current ceases, half-beams 86 and 88 cool 
and contract, which causes center beam 94 to return to its initial 
. position with a force equal to the actuation force, but In an opposite 
direction along axis 106. 

[0042] In one implementation, half-beams 86 and 88 have cross- 
sectional dimensions of 2 p,m x 2 ^m and lengths of between 200 |xm 
and 220 nm. It will be appreciated, however, that these dimensions 
are merely exemplary. For example, half-beams 86 and 88, as well 
as anchors 82 and 84 and center beam 94, can be fabricated out of 
either or both of the releasable MUMPs polysilicon layers, but with 
anchors 82 and 84 not being released. In such MUMPS 
implementations, actuator 80 can have possible thicknesses of 1 .5, 
2.0 or 3.5 ^im. 
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[0043] Generally, the present invention is adaptable to any fabrication 
process that includes at least one releasable layer that has a positive 
temperature coefficient of expansion and is capable of carrying a 
current for ohmic heating. Moreover, there is no theoretical limit to 
the number of half-beams 86 and 88 so long as the actuator and its 
associated conductors can handle the current and heat, the beams 
can lose heat rapidly, and there is not significant cross coupling of 
heat between half-beams. In one implementation, the heating 
temperature was kept below 800 °C to prevent self-annealing, which 
can cause irreversible damage. 

[0044] Fig. 18 is a diagrammatic plan view of a unilateral microelectrical 
mechanical in-plane thermal buckle-beam actuator 120. Unilateral 
actuator 120 includes a pair of structural anchors 122 and 124 
mechanically secured to and electrically insulated from a substrate 
(e.g., substrate 10, not shown). Multiple thermal half-beams 126 and 
128 are secured at their base ends 130 and 132 to anchors 122 and 
124, respectively. Half-beams 126 and 128 extend over the substrate 
and meet a floating in-plane shuttle or slider 134 at their respective 
distal ends 136 and 138. Anchors 122 and 124 and half-beams 126 
and 128 are positioned are positioned together along one side of in- 
plane shuttle 134, thereby making unilateral actual 120 more compact 
than bilateral actuator 80. 

[0045] Anchors 122 and 124 may be the same as or analogous to 
anchors 82 and 84, and half-beams 126 and 128 are analogous to 
half-beams 86 and 88. For example, half-beams 126 and 128 may be 
configured at a bias angle to give floating shuttle 134 an affinity for in- 
plane motion. In one implementation, the bias angle is about 1 .05 
degrees. With regard to this implementation, the bias angle shown in 
Fig. 18 is exaggerated for purposes of illustration. Half-beams 126 
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and 128 are generally all the same in one implementation, but in other 
implementations there may be variations among the half-beams. 

[0046] Unilateral actuator 120 further includes a cold beam 140 that is 
transverse (e.g., generally perpendicular) and coupled at one end to 
in-plane shuttle 134. Cold beam 140 is secured at its other end to a 
cold beam anchor 141 that is mechanically secured to the substrate 
(e.g., substrate 10, not shown). Cold beam 140 mechanically and 
electrically floats and receives generally no electrical current during 
thermal heating of half-beams 1 26 and 1 28, so that cold beam 1 40 is 
not heated (i.e., remains "cold") and does not undergo the thermal 
expansion of half-beams 126 and 128. Cold beam 140 therefore 
prevents shuttle 134 from being pushed transverse to its length and 
constrains it to move in-plane along its length with the thermal 
expansion of half-beams 126 and 128. 

[0047] Cold beam 140 does not contribute any force to moving actuator 
120, but rather requires a force to be bent. As a consequence, cold 
beam 140 reduces the efficiency of actuator 120 relative to that of a 
corresponding bilateral actuator, in which every beam contributes to 
the force or motion of the actuator. Also, any elongation of cold beam 
140 will reduce the efficiency of actuator 120. 

[0048] • The free, floating motion of center beam 1 34 is optionally further 
guided along a line or axis of motion 150 by two or more alignment 
structures (e.g., four shown) 152. Alignment structures 152 are 
optional and are shown in greater detail in Figs. 19 and 20. 

[0049] Fig. 1 9 is a top plan view showing alignment structure 1 52 with a 
guide 154 that extends at least partly across a top surface 156 of 
shuttle 134. Fig. 20 is a partial section end view of the same. Guide 
154 includes a base 158 that extends from the substrate (e.g., 
substrate 10) through a slotted aperture 160 in shuttle 134. Guide 
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154 may be formed, for example, as a second polysilicon layer, 
P0LY2, in a conventional MUMPS process. Alignment structures 152 
function to guide shuttle 134 along its axis of motion 150 and to 
prevent out-of-plane excursions by shuttle 1 34. 

[0050] Fig. 21 is a sectional end view of a dimple bearing 162 extending 
from a bottom surface 164 of shuttle 134, for example, to prevent 
stiction by a reduction of contacting surface area where shuttle 134 is 
in contact with substrate 10 (e.g., the nitride layer 12). In one 
implementation, shuttle 134 would include multiple spaced-apart 
dimple bearings 162. For example, dimple bearings 162 (only one 
shown) that extend from bottom surface 164 by 0.5 urn help reduce 
the surface area of released polysilicon structures that would normally 
have contact with substrate 1 0 (e.g., the nitride layer 1 2). Fig. 22 is a 
side view showing a pair of dimple bearings 1 62 positioned on 
opposite sides of an alignment structure 152. 

[0051] Fig. 23 is a diagrammatic plan view of a unilateral microelectrical 
mechanical in-plane thermal buckle-beam actuator 1 80. Unilateral 
actuator 180 includes a pair of structural anchors 182 and 184 
mechanically secured to and electrically insulated from a substrate 
(e.g., substrate 10, not shown). Multiple thermal half-beams 186 and 
1 88 are secured at their base ends 1 90 and 1 92 to anchors 1 82 and 
184, respectively. Half-beams 186 and 188 extend over the substrate 
and meet a floating in-plane shuttle 194 at their respective distal ends 
196 and 198. Anchors 182 and 184 and thermal half-beams 186 and 
188 are positioned together along one side of in-plane shuttle 194. 
Unilateral actuator 180 is substantially the same as unilateral actuator 
120, except that the former include a pair of cold beams 200 and 202 
rather than just one cold beam 140. 
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[0052] Cold beams 200 and 202 are each transverse (e.g., generally 
perpendicular) and coupled at one end to in-plane shuttle 1 94. The 
opposite ends of cold beams 200 and 202 are coupled to respective 
cold beam anchors 204 and 206 that are mechanically secured to the 
substrate (e.g., substrate 10, not shown). Cold beams 200 and 202 
are parallel to each other and, together with in-plane shuttle 194 and 
the substrate between anchors 204 and 206, form a quasi-four-beam 
linkage. As a result, cold beams 200 and 202 better constrain in- 
plane shuttle 194 to linear motion along its longitudinal axis. 

[0053] Fig. 24 is a diagrammatic plan view of a unilateral microelectrical 
mechanical in-plane thermal buckle-beam actuator 220 generally with 
the same configuration as unilateral actuator 180. Alternatively, 
actuator 220 could have generally the same configuration as 
unilateral actuator 120. 

[0054] Unilateral actuator 220 includes a pair of structural anchors 222 
and 224 mechanically secured to and electrically insulated from a 
substrate (e.g., substrate 10, not shown). Multiple thermal half-beams 
226 and 228 are secured at their base ends 230 and 232 to anchors 
222 and 224, respectively. Half-beams 226 and 228 extend over the 
substrate and meet a floating in-plane shuttle 234 at their respective 
distal ends 236 and 238. A pair of cold beams 240 and 242 are each 
transverse (e.g., generally perpendicular) to and coupled at one end 
to in-plane shuttle 234. The opposite ends of cold beams 240 and 
242 are coupled to respective cold beam anchors 244 and 246 that 
are mechanically secured to the substrate (e.g., substrate 10 through 
the nitride 12, not shown). 

[0055] Thermal half-beams 226 and 228 differ from thermal half-beams 
186 and 188 in that the former have more mass near their centers 
than at their ends. In particular, thermal half-beams 226 and 228 are 
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wider (in-plane) near their centers and taper towards their ends. In 
one implementation, thermal half-beams 226 and 228 have a width 
near their centers (e.g., 6 microns) that is about twice the width near 
their ends (e.g., 3 microns). In contrast, thermal half-beams 186 and 
188 are shown as having generally parallel sides and being of a 
uniform width. 

[0056] The tapered configuration of thermal half-beams 226 and 228 
decreases the tendency to flex out-of-plane and increases their 
current carrying capacity. With uniform-sized (i.e., un-tapered) half- 
beams, the anchors (e.g., 182 and 184) and shuttle (e.g., 194) 
function as thermal heat sinks that keep the ends of the beams at a 
lower temperature than the centers when current is passed through 
the half-beams to impart thermal expansion. As the current is 
increased, the centers of uniform-sized half-beams get hotter, 
sometimes until material deformation or decomposition causes failure 
of the actuator. 

[0057] The tapered configuration of thermal half-beams 226 and 228 
minimizes temperature difference characteristic of uniform-sized half- 
beams, thereby improving temperature uniformity along half-beams 
226 and 228 and allowing thermal expansion effects to be maximized. 
It will be appreciated that the increased in-plane width of thermal half- 
beams 226 and 228 at their centers functions to both reduce electrical 
resistance (and hence the I^R heat losses) and to increase the 
thermal mass in the center. Keeping thermal half-beams 226 and 228 
thin or narrow at their ends minimizes the force required to bend 
thermal half-beams 226 and 228 when they expand to displace or 
move shuttle 234. 

[0058] Fig. 25 is a diagrammatic plan view of a unilateral microelectrical 
mechanical in-plane thermal buckle-beam actuator 250 generally with 
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the same configuration as unilateral actuator 220, so that common 
elements in actuators 220 and 250 are indicated by the same 
reference numerals. 

[0059] Actuator 250 includes a pair of cold beams 252 and 254 that are 
each transverse (e.g., generally perpendicular) to and coupled at one 
end to in-plane shuttle 234. The opposite ends of cold beams 252 
and 254 are coupled to respective cold beam anchors 244 and 246 
that are mechanically secured to the substrate (e.g., substrate 10 
through the nitride 12, not shown). 

[0060] Cold beams 252 and 254 of actuator 250 differ from cold beams 
240 and 242 of actuator 220 on that the former have widened central 
regions 256 and 258 that make cold beams 252 and 254 made more 
resistant to elongation. With this resistance to elongation and the 
relatively efficient flexing provided at their narrowed ends, cold beams 
252 and 254 allow actuator 250 to operate more efficiently than 
actuator 220. it will be appreciated that the widened central regions 
of cold beams 252 and 254 could similarly be applied to cold beam 
140 of actuator 120. 

[0061] Fig. 26 is a diagrammatic plan view of a bilateral microelectrical 
mechanical in-plane thermal buckle-beam actuator 260 generally 
analogous to bilateral actuator 80. Unilateral actuator 260 includes a 
pair of structural anchors 262 and 264 mechanically secured to and 
electrically insulated from a substrate (e.g., substrate 10, not shown). 
Multiple thermal half-beams 266 and 268 are secured at their base 
ends 270 and 272 to anchors 262 and 264, respectively. Half-beams 
266 and 268 extend over the substrate and meet a floating in-plane 
shuttle 274 at their respective distal ends 276 and 278. Anchors 262 
and 264 and respective half-beams 266 and 268 are positioned along 
opposite sides of in-plane shuttle 274. 
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[0062] Thermal half-beams 266 and 268 differ from thermal half-beams 
86 and 88 of actuator 80 in that the former have more mass near their 
centers than at their ends. In particular, thermal half-beams 266 and 
268 are wider near their centers and taper towards their ends. In 
contrast, thermal half-beams 86 and 88 are shown as having 
generally parallel sides and being of a uniform width. Thermal half- 
beams 266 and 268 have the same improved operation and 
characteristics of thermal half-beams 226 and 228 described above. 

[0063] Actuators according to the present invention provide nearlinear 
high efficiency output motions, in contrast to conventional thermal 
actuators that must have many non-force-producing mechanical 
linkages to convert the rotational motion to linear in many cases. The 
resistivity of polysilicon allows the actuator to operate at voltages and 
currents compatible with standard integrated circuitry (e.g., CMOS). 
In addition, actuators according to the present invention are very small 
in area, have relatively high force, and can provide relatively long 
actuation displacements (e.g. 1 0-20 microns) at very small 
increments, making them suitable for deployment of micro-optical 
devices as well as providing minute adjustments. In one 
implementation, the present actuator array can produce a force of 
about 3700 |ulN per square mm and with 1 .53 mW per |liN of force. 
This electrically stimulated movement can be used in micro-motors, 
optical scanning devices, MEMS deployment mechanisms and other 
areas requiring mechanical movement on a micro scale. 

[0064] Parts of the description of the preferred embodiment refer to 

steps of the MUMPs fabrication process described above. However, 
as stated, MUMPs is a general fabrication process that 
accommodates a wide range of MEMS device designs. 
Consequently, a fabrication process that is specifically designed for 
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the present invention will likely include different steps, additional 
steps, different dimensions and thickness, and different materials. 
Such specific fabrication processes are within the ken of persons 
skilled in the art of photolithographic processes and are not a part of 
the present invention. 
[0065] In view of the many possible embodiments to which the 

principles of our invention may be applied, it should be recognized 
that the detailed embodiments are illustrative only and should not be 
taken as limiting the scope of our invention. Rather, I claim as my 
invention all such embodiments as may come within the scope and 
spirit of the following claims and equivalents thereto. 



